Summary The effects of caffeine on mouse myometrium and guinea pig ileal muscle were investigated by recording the contractile response and the membrane activity with an intracellular microelectrode. 1) Caffeine in concentrations of 2 to 20 mM suppressed the spontaneous contraction of mouse myometrium. In the ileal muscle, low concentration (2 to 6 mM) caused an initial potentiation of contraction, then a resulting decay. With high concentration (20 mM), the dominant effect was a relaxation. K contracture of both tissues was suppressed by all caffeine concentrations. 2) In mouse myometrium, caffeine caused a hyperpolarization, an increase in membrane conductance and the suppression of spontaneous spike activity. With high concentration, the response evoked by external current stimulation became abortive.
therefore the site of action has been assumed to be at the link between the excitation and contraction.
In agreement with the effect on skeletal muscle, it was reported that in the taenia coli of guinea pig caffeine produces a contracture and a depolarization (SUNANO, 1968) . More recently, the concept was proposed that the membrane property of smooth muscle resembles that of sarcoplasmic reticulum of skeletal muscle and that caffeine releases the bound Ca in the smooth muscle membrane (ITO and KURIYAMA, 1971) . A similar argument was made to account for the relaxing action of caffeine in the smooth muscle of toad urinary bladder, although the response appears quite opposite (SAKAI and IIZUKA, 1972) .
It seemed of interest to investigate the effect of caffeine on the mouse myometrium, since the responses of this tissue to the change in external ionic compositions, e.g. Na or Ca, are different from those of intestinal smooth muscles (OSA, 1971 (OSA, , 1973 OSA and TAGA, 1973) . The effect of caffeine on the ileal smooth muscle of guinea pig was also investigated under the same experimental conditions. The results obtained in the present experiments have led to the conclusion that the fundamental effect of caffeine on the mouse myometrium might be due to the reduction of intracellular Ca concentration, possibly through a metabolic activation of a mechanism which concerns Ca accumulation to some sequestering sites.
METHODS
A strip of myometrium about 10 mm long and 3 mm wide was dissected from mice about 15-20 days pregnant, and mounted in a recording chamber with a capacity of 2 ml. The arrangements of intracellular recording and external stimulation were the same as those described by ABE and TOMITA (1968) . The longitudinal muscle of guinea pig ileum was obtained in the way described by RANG (1964) , and a strip of similar dimensions was used.
In all experiments, modified Locke solution was used as the normal physiological solution which contained (mm); Na, 162; K, 5.6; Ca, 2.2; Cl, 164; HCO3, 8.0; and glucose, 5.5 (IMAI and TAKEDA, 1967a) . In some experiments benzenesulphonate-Locke solution, where Cl contained in NaCl and KCl was replaced by isosmolar benzenesulphonate, and KCl-Locke solution, where NaCl and NaHCO3 were replaced by isosmolar KCl and KHCO3, respectively, were used. In a few experiments K-Locke solution containing other anions, e.g. bromide, nitrate or benzenesulphonate was used. When the fixation of the muscle strip was not suitable and the holding of the electrode inside the cell was difficult, a hyperosmotic solution made by adding 5 g sucrose to 100 ml Locke solution was used in order to suppress the contraction. The membrane potential, the spike activity at a steady state and the response to caffeine were essentially the same as in the isotonic solution.
Solutions containing a known concentration of caffeine continuously flowed from a reservoir. The experiments were carried out at 34•Ž.
RESULTS
The effect of membrane depolarization on the spike discharge of mouse myometrium
It seemed necessary at first to obtain the effect of membrane depolarization on the spike activity. An example from an experiment made on the same cell is shown in Fig. 1 , where the membrane was depolarized for 1 to 2 min by externally applied current. Record (a) shows the spontaneous discharge in normal solution and the other records show the effects of displacement of the membrane to the depolarized direction by various intensities of the outward current (b to d). It is apparent from these records that not only the amplitude of spikes but also the pattern of burst discharge are functions of membrane potential. With weak depolarization, the bursts became more frequent and their duration shorter (b). The overshoot of those spike potentials which showed full-size response became larger than control. With stronger depolarization, the enhancing effect on overshoot potentials became more manifest (c). When the membrane was depolarized further to about -20 mV, the membrane started to discharge continuously (d).
Overshoot again became smaller. Variability of the membrane response was still observed during the application of constant current, which might be due to the intrinsic change of the excitability. Record (d) shows that the spikes of mouse myometrium are only slightly inactivated, unless the membrane is depolarized by an external current above about -20 mV.
The effect of caffeine on contractile activity
In the experiment shown in Fig.2 , strips of mouse myometrium and the guinea pig ileal muscle were suspended in the same chamber with a capacity of a b C Fig.2 . Effects of various concentrations of caffeine on the mechanical activities of mouse myometrium (upper trace) and guinea pig ileal muscle (lower trace). Muscle strips were suspended in the same chamber and caffeine was applied for about 6 min during the time indicated by lines.
1.5 ml. Thus, the contractile responses to the application of various concentrations of caffeine (2, 6 and 20 mM) were investigated under the same experimental condition. In normal solution, the ileal muscle was continuously active at any applied stretch, i.e. the muscle tone was maintained partly by an active component (lower trace). The relaxation level of the myometrial strip was not at all affected by the application of an inhibitory agent such as caffeine, as is illustrated in Fig.2 (upper traces), thus it could be looked upon as the peak relaxation level at a given applied stretch. In contrast to the inhibitory effect on mouse myometrium throughout the concentration range of caffeine, the contraction of guinea pig ileal muscle was potentiated by 2 mM caffeine (a). Contraction of greater magnitude was developed by 6 mM caffeine, but it decayed gradually about after 7 min application (b). When 20 mM caffeine was applied, the magnitude of initial peak contraction again became smaller and this rapidly gave way to the resulting re-laxation (c).
The effects of caffeine on the membrane potential and spike potential of mouse myometrium
In the experiment shown in Fig.3 , the preparation discharged spontaneously in bursts with an interval of about 1 min in the normal solution (a). A 6 mm caffeine solution caused a gradual hyperpolarization and abolished the spontaneous burst discharge (b). At a steady state reached 3 min after the application of 6 mm caffeine, the membrane was hyperpolarized by 5 mV. Spike potentials could still be evoked by depolarizing current pulse applied externally and the overshoot was slightly depressed (c). Record (d) shows the effect of 20 mm caffeine at a steady state of 3 min application, and it indicates that the membrane was hyperpolarized to nearly the same potential level as in the case of 6 mm caffeine, but the spike potential was greatly depressed even when stronger stimulus was applied. This may suggest that the blockade of spontaneous spike activity by high concentration was due not only to the hyperpolarization but also to the suppressing effect of caffeine on the spike generation per se. change from normal solution to the one containing 20 mm caffeine. When repetitive electrical pulses were applied to the myometrial tissue, the burst discharges which normally occur tend to be suppressed, hence the change in the electrotonic potential was more easily detectable. When the membrane was hyperpolarized by the application of 20 mm caffeine, the amplitude of the electrotonic potential became smaller, indicating that an increase in the membrane conductance underlay the hyperpolarization (a). At a steady state in 3 min, when the membrane was hyperpolarized by 7 mV and the evoked spikes disappeared, the amplitude of electrotonic potential was reduced to about half the control value (b). Another interesting feature which is exhibited in record (a) is that the overshoot of spikes was transiently increased before the complete suppression of evoked spikes. Since the actual change in the membrane potential was so small during this transient period it does not appear likely that the enhancement of overshoot potential was due to the possible effect of hyperpolarization. The recovery of the membrane potential and the amplitude of electrotonic potential was nearly complete after a brief rinse with normal solution (c). The time course of the recovery of the evoked spikes was not the mirror image of the onset of drug action, i.e. a transient increase in the overshoot potential was not observed. A more quantitative measurement of the effect of caffeine on the electrotonic potential was made in the benzenesulphonate-Locke solution, where 167.6 mm Cl in NaC1 and KCl was replaced by isosmolar benzenesulphonate. The tissue was previously exposed to the solution for about 30 min, and the effect of caffeine was investigated after the membrane potential reached a steady level at -55 mV. Records shown in Fig. 5 are those from the same cell throughout the time of exchange of the solutions. In the control records (left column), propagated spike potential was produced by weak hyperpolarizing stimulation (a). As the membrane was hyperpolarized further by increasing current pulse, off-response was produced (b to e). After treatment with 20 mm caffeine for 5 min (middle column) the membrane was hyperpolarized by 11 mV, the value being likely larger than in normal Locke solution. The amplitude of electrotonic potential in response to the identical current stimuli was reduced, and the time to reach 84 % (erf 1) of the steady level of electrotonic potential became shorter. All active response to current stimulation was abolished. The recovery was almost complete after a 5 min rinse with the drug (right column). The amplitude of the steady electrotonic potential was plotted against the intensity of applied current, and the relation is shown on the graph on the right of Fig. 5 . The relationship in either the absence or presence of caffeine was not linear in this experiment. However, it is evident that the amplitude of electrotonic potential was reduced by an average of 40% in the presence of 20 mM caffeine. It was shown in Fig. 1 that the spike activity of mouse myometrium was only slightly abolished by the depolarization amounting to about 30 mV in the normal solution. The effects of membrane depolarization on spike generation were investigated on the tissue treated with caffeine in the experiment shown in Fig. 6 . Spontaneous discharge remained at a steady state during the treatment with 3 mm caffeine (a). By weak conditioning depolarization, the frequency of bursts increased and the interval between individual spikes became longer (b). As the amount of conditioning depolarization was increased, the spike potential stopped discharging in 10 sec and the membrane oscillation disappeared as well (c). The more the membrane was depolarized, the sooner the spike activity stopped (d). Therefore, it might be that time-and voltage-dependent inactivation of the spike generation was manifested when the tissue was treated with caffeine.
This inactivation caused by caffeine is more clearly shown in Fig. 7 . In this experiment, successive records were taken from the same cell during the treatment with caffeine until the steady state was reached. After spontaneous activity had stopped, current pulses of 2 different intensities with about 20 sec duration were applied to evoke the action potentials. The sequence of inactivation of the spike . Effects of 20 mm caffeine on the spike potential and electrotonic potential evoked by depolarizing current. Records (a to d) are those taken successively for 1 to 10 min after caffeine was applied and spontaneous discharge stopped. Two different current intensities were used; the one, weaker, applying from (a) to the middle of -(b) ; the other, stronger, applying from the end of (b) to (d). (e) : recovery 10 min after caffeine was removed. Note the decrease of the amplitude of the electrotonic potential in response to the identical current intensity. Mouse myometrium.
potential shown in Fig. 7 can be summarized as follows. The amplitude and the rate of rise of the initial spikes were nearly unchanged during the approximately 3 min treatment, whereas the duration of spike discharge in response to the long pulse stimulation became progressively shortened and finally disappeared (a, from left to right). Then the initial spike was abolished, but was again evoked by raising stimulus intensity (b, the end). Finally there was a depression of the initial spike potential, which was reached in 7 min and lasted longer (c, d). Furthermore, the amplitude of the electrotonic potential produced by identical current pulse was gradually decreased by longer exposure to the solution containing 20 mm caffeine. The recovery to the normal pattern of spontaneous discharge was almost complete after a 15 min rinse (e).
It is a common observation in studies on smooth muscle tissues that raising external Ca hyperpolarizes the membrane and causes a restoration of the spike potential. In the experiment shown in Fig. 8 on the spike potential was investigated, after a steady state of evoked response was reached by 7 min exposure to the solution containing 10 mm caffeine. An additional hyperpolarization was produced by excess Ca, while the inactivation of spike generation progressed further.
The effect of caffeine on the membrane activity of ilea/ longitudinal muscle of guinea pig
In order to find the relationship between the electrical and mechanical activities of the ileal smooth muscle of guinea pig, simultaneous recording of the activities was carried out in the experiment shown in Fig. 9 . In the records shown in (A) the elevation of muscle tone in the normal solution appears to be accompanied by firing of spike potentials. Five mM caffeine caused an initial contraction, then a relaxation. The membrane response which underlay the initial contraction might have been the increase of the frequency of spike potentials of normal pattern, which were marked by the presence of positive afterpotential. Most surprizing is that the resulting relaxation occurred in spite of the fact that 5 mM caffeine gave rise to an abundance of spike discharges. The amplitude of spike potential gradually increased until it reached a steady level in 5 min. The maximal relaxation appears to be reached at nearly the same time. Thus, it might be that the release of Ca upon the generation of spike potentials was inhibited. Depolarization of the membrane, if any, was very small. Serial records given in Fig. 9 B (a to e) show the action potentials taken before and every 20 sec after 5 mm caffeine was applied. In normal solution, the membrane potential was -50 mV, and the amplitude and the duration at the half amplitude of spike potential (half duration) were 30 mV and 20 msec, respectively. The spike potential was preceded by a slowly rising prepotential and followed by a positive afterpotential (a). In the solution containing caffeine, the amplitude of action potential increased progressively and the duration became longer (b to d). At the steady state, the action potential showed overshoot by a few mV, and the half duration was 82 msec (e). The prolongation of the duration of action potential appears chiefly due to the slowing of repolarization. The prepotential and positive afterpotential were markedly reduced. Records (f to j) show the time sequence of the change in the action potential during the recovery. Action potentials showed much variability, e.g. splitting of the peak of action potential (f and g), incomplete or complete dissociation of spikes and slow potentials (h and i), until an almost complete recovery to normal pattern was reached after. a 15 min rinse with normal solution (j). Spontaneous contraction started to resume at the stage of record (h). Figure 10 shows examples of the effects of 2.5 mM and 10 mM caffeine on the spike discharge. The experiment was carried out on the same preparation as that of Fig. 9 . The effect on mechanical response was either excitatory with low concentration (2.5 mM) or inhibitory with high concentration (10 mM). With the excitatory dose of caffeine, the electrical result was the increase in the frequency of action potential with normal configuration, i.e. spike potentials were preceded by prepotential and followed by positive afterpotential (B). In addition, it appears that the generation of abortive spikes or the number of electrotonic spread of spikes from the neighbouring hundles was accelerated. With mechanical activity-inhibiting dose (C), the duration of the initial excitatory response, i.e. acceleration of the action potentials with normal pattern, was shorter. (a). At the steady state, membrane potential was little affected, but the spike frequency was increased (b, c). During the washing of the drug with normal solution, spikes and slow waves were generated independently (d), then spikes ceased to discharge (e). The spontaneous spikes of normal pattern resumed discharging after a 6 min rinse (f, g). Thus the general features are essentially the same as for 5 mM caffeine (Fig. 9 ).
The effect of caffeine on K contracture
Though it was shown that the myometrial membrane is hyperpolarized and the spike activity is inhibited, the effect of caffeine on contractile activity itself still remains unknown. An attempt was made to investigate the effect of caffeine on the contractile response of depolarized mouse myometrium (Fig. 11) . Contracture of mouse myometrium developed in KCl-Locke solution was composed of the initial phasic contraction which lasted for about 30 to 60 sec and the following tonic contraction with much smaller magnitude (a). The characteristic features of K contracture were essentially the same for other anions. On the other hand, the magnitude of the tonic contraction was increased by raising the external Ca concentration to 22 mM Ca, thus yielding the kind of K contracture reported for rat myometrium (EVANS et al., 1958) . When the tissue was previously exposed to 10 mm caffeine in normal. Locke solution and then to KCl-Locke solution containing 10 mm caffeine, no tension was developed at all (b). Membrane potential in KCl-Locke solution was a b c Fig. 11 . The effect of 10 mm caffeine on the K contracture in mouse myometrium (a, b) and in guinea pig ileal muscle (c). K-Locke was applied during the time indicated by broken lines, and caffeine by filled triangles. The tissue was treated with caffeine beforehand in Locke, then exposed to K-Locke containing caffeine (b), or caffeine was applied after K contracture was developed (c).
-1 to -3 mV irrespective of the absence or presence of caffeine. Therefore, provided that caffeine did not impair the contractile machinery pari passu, the result may indicate that caffeine uncoupled the link between depolarization and tension development. As might be predicted from the experimental result shown in Fig. 9 , K contracture of the guinea pig ileal muscle was suppressed, or was terminated by treatment with 10 mM caffeine after a brief increase of contraction (c). The effect of 2 mM caffeine on K contracture was essentially the same, although the magnitude of suppression was smaller. Thus, it appears likely that the potentiation of contraction in the polarized ileal muscle (Fig. 2a) was chiefly due to the acceleration of spike activity of normal pattern.
Contracture of mouse myometrium produced by the exposure to Na-free solution, where external Na was replaced with isosmolar tris or sucrose, was also suppressed by caffeine.
DISCUSSION
The relaxing action of caffeine on mouse myometrium. It was thought by BIANCHI (1962) that caffeine readily penetrates across the membrane into the cytoplasm and CALDWELL (1964) reported that caffeine contracture can be elicited by intracellular injection. Therefore, the site of action of caffeine is most probably intracellular. The effect of caffeine does not depend on the inflow of extracellular Ca because it occurs in a Ca-free solution (FRANK, 1962) . In this solution, the magnitude of contracture progressively decays with frequent application, indicating that the release of bound Ca is involved in the effect of caffeine. This belief is supported by the observation that caffeine releases Ca from fragmented reticulum obtained from frog and rabbit muscles (WEBER and HERZ, 1968) .
In the taenia coli of guinea pig it appears that contraction is developed initially and then relaxation follows with the application of caffeine to either the polarized or depolarized preparation (ITO and KURIYAMA, 1971) . Based on the assumption that tonic contraction in response to membrane depolarization is due to the release of bound Ca (IMAI and TAKEDA, 1967a) , the sequence of contractile response was ascribed to the initial mobilization and subsequent depletion of bound Ca in the membrane. As a general conclusion ITO and KURIYAMA (1971) proposed that while the effect of caffeine on the smooth muscle is fundamentally the same as on the skeletal muscle, but it differs in that the mobilization of Ca from the smooth muscle membrane by caffeine increases the Na permeability.
It is hard to account for the effects of caffeine on mouse myometrium, relaxation and hyperpolarization of the membrane, by analogy with the theory developed for skeletal muscle or the taenia. In fact, excess Ca caused further suppression of spike generation, which would not be expected from the Ca release by caffeine from the membrane (Fig. 8) . This is because it seems very probable that the generation of spike potential in mouse myometrium depends on the surface density of Ca (OSA, 1973) . It may be noted here that the effect of caffeine on mouse myometrium exhibits strong resemblance to those of papaverine, theophylline or other vasodilators on the taenia coli (IMAI and TAKEDA, 1967b; TASHIRO and TOMITA, 1970) . In the biochemical investigations on the action of caffeine, more attention has been directed to the effect on phosphodiesterase activity, the inhibition of which may give rise to the accumulation of cyclic AMP (BUTCHER and SUTHERLAND, 1962 ). An increase in the cyclic AMP concentration may affect the interaction between Ca and the sites in the inner surface of the membrane, causing the reduction of the intracellular free Ca. This concept is supported by the observation that extracellular application of dibutylic cyclic AMP, which is assumed to be penetrable through the membrane, produces an effect similar to that of caffeine in the guinea pig taenia coli (TAKAGI et al., 1972) . Another metabolic effect which might exist is that an increase in the cyclic AMP concentration may stimulate the synthesis of ATP, the hydrolysis of which has been known to provide the energy source in the Ca transport into the microsomal vesicle (HASSELBACH, 1966) . Although the results obtained in the present experiments do not provide enough information to choose among these alternatives, the emphasis in the present discussion suggests that the main effects of caffeine on mouse myometrium and guinea pig ileal muscle are due to metabolic activation, causing more sequestering of Ca to the membrane site.
In the ileal muscle, the possibility that the potentiation of contraction by caffeine was masked by an overwhelming metabolic activation by the same agent may not yet be ruled out (Fig. 11) .
The effect of caffeine on the membrane activities. As it was found in the present experiment that the membrane responses of mouse myometrium and guinea pig ileal muscle to caffeine were quite different, the question arises as to whether the difference is based on the drug action per se, or on a membrane property, e.g. electrical behaviour of the interaction between the membrane and Ca. Though less information has been obtained on the membrane properties of guinea pig ileal muscle in the present experiment, it appears that the membrane potential of the taenia coli of the guinea pig and mouse myometrium changes in accordance with the change in the Na and Ca concentration, perhaps through different effects on the regulating mechanism of Na, or K permeabilities of each membrane (BULBRING and TOMITA, 1969; BRADING et al., 1969a, b; OSA, 1971 OSA, , 1973 OSA and TAGA, 1973) .
In order to make the interpretation of the effects of caffeine consistent with the effects of Ca on the membrane permeabilities, it seems plausible to assume at least two Ca-binding sites in mouse myometrium and the ileal muscle. An hypothesis has been proposed in relation to the acetylcholine action on guinea pig ileal muscle (HURWITZ, et al., 1967) , which assumes that Ca binds to the membrane surface to exert its effect on permeability, while another fraction is bound to internal structures and is available to activate the contractile machinery when released. In this scheme, the primary effect of caffeine is presumably on the latter site (sequestering site) to increase the binding with Ca, effecting a change in the electrical property of the excitable membrane. Otherwise, the assumption that caffeine accelerates the interaction between Ca and the membrane site would yield a contradictory result to the experimental evidence.
It appears very likely that the increase in K permeability underlies the effects of caffeine on the membrane response of mouse myometrium, e.g. hyperpolarization and the suppression of spike potential. This is because the suppression of spike potential in the presence of caffeine appeared progressively advanced in proportion as the amplitude of the electrotonic potential in response to the depolarizing current became smaller (Fig. 7) . The reversed phenomenon of spike generation has been known in the gastric muscle of guinea pig, in which the abortive spike which is normally produced became full-size under treatment with tetraethylammonium chloride, an agent known to decrease K permeability (ITO et al., 1970) . It was reported previously that the overshoot potential of pregnant mouse myometrium is relatively insensitive to an increase in external Ca concentration, however it could be affected by the change in intracellular Ca concentration (OSA, 1971 (OSA, , 1973 OSA and TAGA, 1973) . Increase in the overshoot which appeared transiently during the early period of the application of caffeine (Fig. 4) , might be related to the reduction of intracellular Ca concentration. Thus, the basic assumption that the action of caffeine on mouse myometrium is the Ca accumulation in some sequestering site, causing the reduction of intracellular Ca concentration, seems to stand for the explanation of the contractile activity as well as of the membrane response. The question as to whether there are different membrane sites for every function of Ca remains to be answered.
The reason why excess Ca potentiated the suppressing effect of caffeine on the spike generation is not known. Ca may accelerate a mechanism related to the interaction between the membrane and caffeine, or facilitate the penetration of caffeine across the membrane.
Even providing that the same mechanism is working in the effect of caffeine in the guinea pig ileal muscle, the resulting membrane response may differ from that of mouse myometrium. Possible decrease in K permeability, presumably due to a decrease in intracellular Ca concentration caused by caffeine, may produce a depolarization, an increase in the spike amplitude and a prolongation of the repolarization of spike potential in the ileal muscle. Caffeine may cause a depolarization in some cells in the ileal muscle bundle, hence producing a marked increase in the spike frequency in other cells. A heterogeneous composition of muscle bundles has been proposed in the ileal muscle in order to account for the discrepancy of dose-response relationships of muscarinic agents in terms of K-efflux and contractile responses (BURGEN and SPERO, 1968 ).
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